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A combined experimental and analytical program was conducted to
examine the effects of inlet turbulence on airfoil heat transfer. The
experimental portion of the study was conducted in a large-scale
(approximately 5X engine), ambient temperature, rotating turbine model
configured in both single stage and stage-and-a-half arrangements. Heat
transfer measurements were obtained using low-conductivity airfoils with
miniature thermocouples welded to a thin, electrically heated surface skin.
Heat transfer data were acquired for various combinations of low or high
inlet turbulence intensity, flow coefficient, first-stator/rotor axial
spacing, Reynolds number and relative circumferential position of the first
and second stators. Aerodynamic measurements obtained as part of the
program include distributions of the mean and fluctuating velocities at the
turbine inlet and, for each airfoil row, midspan airfoil surface pressures
and circumferential distributions of the downstream steady state pressures
and fluctuating velocities. Analytical results include airfoil heat
transfer predictions produced using existing two-dimensional boundary layer
computation schemes and an examination of solutions of the unsteady
boundary layer equations. The results of this program are reported in four
separate volumes. All four have a common report title and the following
volume subtitles:
REPORT TITLE: THE EFFECTS OF INLET TURBULENCE AND ROTOR/STATOR INTERACTIONS
ON THE AERODYNAMICS AND HEAT TRANSFER OF A LARGE-SCALE ROTAT-
ING TURBINE MODEL
VOLUME TITLES: VOLUME I: R86-956480-1 FINAL REPORT
VOLUME II: R86-956480-2 HEAT TRANSFER DATA TABULATION
15% AXIAL SPACING
VOLUME III: R86-956480-3 HEAT TRANSFER DATA TABULATION
65% AXIAL SPACING
VOLUME IV: R86-956480-4 AERODYNAMIC DATA TABULATION
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INTRODUCTION
The primary basis currently used by the gas turbine community for heat
transfer analysis of turbine airfoils is experimental data obtained in
linear cascades. These data have been very valuable in identifying the
major heat transfer and fluid flow features of turbine airfoils. The
question remains, however, as to how well cascade data translate to the
rotating turbine stage. It is known from the work of Lokay and Trushin
(Ref. 1) that average heat transfer coefficients on the rotor may be as
much as 40 percent above the values measured on the same blades without
rotation. Recent work by Dunn and Holt (Ref. 2) supports the conclusion of
Ref. 1. It is widely recognized that at this time a need exists for a set
of heat transfer data from a rotating system which is of sufficient detail
to allow careful local comparisons between static cascade and rotor blade
distributions. It is important that this data set include sufficient flow
field documentation to support the computer analyses being developed today.
Other important questions include the impact of both random and
periodic unsteadiness on both the rotor and stator airfoil heat transfer.
The random unsteadiness arises from stage inlet turbulence and wake
generated turbulence and the periodic unsteadiness arises from blade
passing effects. A final question is the influence, if any, of the first
stator row and first stator inlet turbulence on the heat transfer of the
second stator row after the flow has been passed through the rotor.
OBJECTIVES
The first program objective has been to obtain a detailed set of heat
transfer coefficients along the midspan of a stator and a rotor in a
rotating turbine stage (Fig. 1). The experimental program was designed
such that the rotor data could be compared directly with data taken in a
static cascade. The data are compared to a standard analysis of blade
boundary layer heat transfer which is widely available today. In addition
to providing this all-important comparison between rotating and stationary
data, this experiment provides important insight to the more elaborate full
three-dimensional programs being proposed for future research. A second
program objective has been to obtain a detailed set of heat transfer
coefficients along the midspan of a stator located in the vake of an
upstream turbine stage. Particular focus here was on the relative
circumferential location of the first and second stators. Both program
objectives were carried out at two levels of inlet turbulence. The low
level was on the order of 1 percent while the high level of approximately
10 percent is more typical of combustor exit turbulence intensity. The





All experimental work for this program was conducted in the United
Technologies Research Center Large Scale Rotating Rig (LSRR). This test
facility was designed for conducting detailed experimental investigations
of flow within turbine and compressor blading. Primary considerations were
to provide a rig which would: (1) be of sufficient size to permit a high
degree of resolution of three dimensional flows, (2) possess a high degree
of flexibility in regard to the configurations which can be tested, and (3)
enable measurements to be made directly in the rotating frame of reference.
The facility is of the open circuit type with flow entering through a
12-ft diameter inlet. A 6-in. thick section of honeycomb is mounted at the
inlet face to remove any cross flow effects. The inlet smoothly contracts
the cross section diameter down to 5 ft. Flow is then passed through a
series of three fine mesh screens to reduce the turbulence level.
Immediately downstream of the screens is a telescoping section which slides
axially and permits access to the test section. The test section consists
of an axial series of constant diameter casings enclosing the turbine,
compressor or, fan model assemblies. The casings are wholly or partially
transparent, which facilitates flow visualization and laser-Doppler-veloci-
meter studies. The rotor shaft is cantilevered from two downstream
bearings thus providing a clean flow path to the most upstream row of test
airfoils. Axial length of the test section is 36 in. The rotor is driven
or braked by a hydraulic pump and motor system which is capable of
maintaining shaft speeds up to 890 rpm. Downstream of the test section
flow passes through an annular diffuser into a centrifugal fan and is
subsequently exhausted from the rig. A vortex valve is mounted at the fan
inlet face for flow rate control.
2. Airfoil Coordinates and Aerodynamics
The surface midspan coordinates of the three airfoil rows (first
stator and rotor and second stator) are given in Tables 1, 2 and 3
respectively.
The aerodynamic documentation of the turbine stage indicated that all
parameters were very close to data obtained during prior testing with this
turbine model, Ref. 3. As an example, the stator and rotor pressure
distributions are shown in Figures 2a, 2b and 2c at the design flow
coefficient (C /U =0.78). Agreement with a two dimensional potential
flow calculation at this midspan location is excellent. The computed
surface velocity distributions are used as the input to the suction and
pressure surface boundary layer calculations.
3. Inlet Turbulence
As part of the present contract heat transfer distributions through
the LSRR turbine blading were examined for both lov and high levels of
inlet turbulence. Throughout this report the low and high levels are
referred to as "grid out" and "grid in" respectively. With the test
facility configured in the minimum inlet turbulence arrangement (grid out)
the inlet turbulence was approximately 0.5% at an axial location 22% of
axial chord ahead of the first stator leading edge. Higher levels of inlet
turbulence were produced by installing a biplane grid upstream of the
first stator. The turbulence generator consisted of a nearly square array
lattice of three concentric rings spaced uniformly in the radial direction
with 80 radial bars evenly spaced circumferentially. Both the rings and
radial bars were of nearly square 1/2 inch cross-section. The mesh spacing
of the bars was 2.1 inches radially and 4.5 degrees (2.1 in. at
mid-annulus) circumferentially. With the grid installed at the inlet
turbulence intensity was typically 9.8%. The spanwise distributions at
four different circumferential locations (relative to the stator leading
edge) are shown in Fig. 3. The data indicate that the turbulence is
spatially uniform, nearly isotropic, and temporally (long time average)
steady. This is representative of the level of turbulence measured at the
exit of aircraft gas turbine combustors.
4. Heat Transfer Instrumentation
Heat transfer measurements were obtained in this study using low
conductivity rigid foam castings of the test airfoils. A uniform heat flux
was generated on the surface of the foam test airfoils using electrically
heated metal foil strips attached to the model surface. Conduction and
radiation effects produced small departures from complete uniformity. Local
airfoil surface temperatures were measured using thermocouples welded to
the back of the foil while the air temperature was measured using
thermocouples in the air stream. The secondary junctions to copper wire
were all made on Uniform Temperature Reference blocks (Kaye Instruments,
UTR-48N) and the data were recorded using a Hewlett-Packard 300 channel
data aquisition unit (3497A/3498A), and an ice point reference (Kaye
Instruments, K140-4). A 212 ring slip-ring unit (Venden Co.) was used to
bring heater power onto the rotor and to bring out the thermocouple data.
Instrumentation locations for the three airfoils are given in Figures
4a, 4b and 4c.
GUIDE TO DATA PRESENTATION
In Appendices I (15% axial spacing data) and II (65% axial spacing and
1 1/2 stage data) the data are presented in a series of "sets". Each "set"
consists of the heat transfer data for a single airfoil (stator or rotor)
for a particular test condition (some combination of flow coefficient,
Reynolds number, axial spacing and inlet turbulence level). Each set
consists of four plots: (1) the midspan Stanton number distribution, (2) a
highly expanded plot of the Stanton number distribution in the leading edge
region and (3) & (4) plots of the spanwise distributions of the Stanton
number on the pressure and suction surfaces. Also given are tabulated val-
ues of the Stanton and Nusselt numbers as veil as the measured vail
temperature data. The form of the data is slightly different for the
stators and rotor for reasons related to the rotor slip-ring viring
arrangement. Each stator data set is identified by a single six digit
label e.g. R P (RUN POINT ). Slip ring limitations required that a
complete set of rotor data be combined from tvo subsets e.g.
R__P__-R_ P__. A guide map to the data sets of Appendix n is given in
Figure 5. The order of presentation of the data sets in this appendix




















NOMINAL SURFACE HEAT FLUX
DENSITY AT AIRFOIL TRAILING EDGE
SURFACE DISTANCE
TOTAL TEMPERATURE AT AIRFOIL
LEADING EDGE
AIRFOIL VELOCITY AT MIDSPAN
AIR VELOCITY RELATIVE TO
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'AIRFOIL: FIRST STATOR (MIDSPAN)
PITCH (ins.): 7.71118







































































































































































































































AIRFOIL: FIRST ROTOR (MIDSPAN)
PITCH (ins.): 6.05879





















































































































































































































































AIRFOIL: SECOND STATOR (MIDSPAN)
PITCH (ins.): 6.05879
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Center 60% of span
Mean 9.8*
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— ORIGIN OF ARC LENGTH (S) IS THE AXIAL TRAILING EDGE
(MAXIMUM X). S INCREASES MOVING COUNTERCLOCKWISE
SUCTION SURFACE AIRFOIL TC's 1-60




































































































































































































* AT THESE AXIAL STATIONS T.C.S LOCATED AT 50% SPAN AND ±8.3, 16.6 AND 25% AWAY FROM MIDSPAN
Figure 4a Instrumentation Diagram for the First Stage Stator
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1 2 3 4 5
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NOTE — ORIGIN OF ARC LENGTH (S) IS THE AXIAL TRAILING EDGE
(MAXIMUM X). S INCREASES MOVING COUNTERCLOCKWISE
SUCTION SURFACE AIRFOIL TC's 1-58























































































































































































 AT THESE AXIAL STATIONS T.C.S LOCATED
AT 50% SPAN AND ±8.3. 16.6 AND 25%
AWAY FROM MIDSPAN
Figure 4b Instrumentation Diagram for the First Stage Rotor
21




OF POOR QUALITY Bx = 6.452 in. TOTAL ARC LENGTH = 19.141 in.
1 2 3 4
X — inches
NOTE — ORIGIN OF ARC LENGTH (S) IS THE AXIAL TRAILING EDGE
(MAXIMUM X), S INCREASES MOVING COUNTERCLOCKWISE
SUCTION SURFACE AIRFOIL TC's 1-59
























































































































































































*AT THESE AXIAL STATIONS T.C.s LOCATED
AT 50% SPAN AND ±8.3, 16.6 AND 25%
AWAY FROM MIDSPAN
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